Background: An assist-as-needed robot-assisted gait training protocol was recently developed. It allows active movement during training, but its exact criteria remain unknown. Asymmetric step length is a common abnormal gait pattern in hemiplegic stroke patients. We compared the effects of assist-as-needed robot-assisted gait training on the unaffected and affected limbs of hemiplegic stroke patients.
Introduction
Improving gait function in stroke patients is one of the most important goals of rehabilitation therapy. While 60% to 80% of stroke patients are able to ambulate independently, many exhibit a hemiplegic gait, which limits function. [1, 2] Several studies have revealed that the unilateral weakness occurring after stroke is likely to result in gait asymmetry. [3, 4] Recovery of gait symmetry is important, particularly after a stroke. [4] An asymmetric gait pattern after stroke mainly depends on muscle strength and the weight-supporting capacity of the affected limb. Hemiplegic patients usually have reduced joint excursion and insufficient forward propulsion, which may lead to an asymmetrical and unstable walking pattern. [5] Since the single support time of the affected limb is significantly shorter than that of the unaffected limb, the unaffected limb's step length is shorter than the affected limb's step length. [4, 6] To treat the shorter step length in the unaffected limb, increasing the stability of the affected limb in the stance phase with forward propulsion is needed.
Robot-assisted gait training (RAGT), which repeatedly produces gait motion, is commonly used to improve gait function. [7, 8] The guidance of the robot's exoskeleton applied to gait training can be adjusted to the purpose of the treatment. There is a fully assisted mode of RAGT (FA) in which the exoskeleton robotic leg continuously guides the subject to walk with a prescribed gait pattern. [9] This mode has the advantage of repeating ideal movements, but it does not allow the patient to move voluntarily. On the other hand, the assist-as-needed mode of RAGT (AAN) provides assistance while allowing active subject participation. AAN can be used for hemiplegic patients with asymmetric gait patterns in order to facilitate forward propulsion by increasing the affected limb's stability using the exoskeletal robotic leg.
The clinical application of AAN has been rarely reported. Some previous studies have shown that AAN can improve walking function, as measured by walking speed, [5, 9, 10] functional gait assessment, [9] and kinematic measurements. [5] However, these studies were limited to clinical and/or kinematic measurements, and most recruited a heterogenous subject population to compare FA and AAN. Moreover, there has been no previous study with chronic stroke patients with specific abnormal gait patterns. Therefore, our aim was to investigate the effects of applying AAN to the unaffected or affected limbs of chronic stroke patients with asymmetric step lengths with respect to temporospatial, kinematic, and kinetic gait parameters.
Methods

Subjects and study design
This study was designed as a prospective, single-blind, randomized, and controlled pilot study. Subjects were recruited from an inpatient rehabilitation center at Veterans Health Service Medical Center between October 2015 and April 2017. The inclusion criteria were as follows: patients with first-ever unilateral stroke diagnosed by computed tomography or magnetic resonance imaging, stroke onset at least 6 months previous to study enrollment, sufficient cognition to follow simple instructions and understand both the content and purpose of the study (Korean Mini-Mental State Examination score > 23), the ability to walk at least 10 m independently, and asymmetrical gait with a step length asymmetric ratio > 1.1 (step length asymmetric ratio = affected limb step length/unaffected limb step length). [3] The exclusion criteria were as follows: quadriplegia or double hemiplegia, significant limitation of range of motion of a lower limb joint or severe spasticity of the lower limbs that disallowed RAGT, coexisting neurological and/or orthopedic disease that could influence gait function. Subjects were randomly assigned to group 1 or group 2 through a stratified randomization approach. All subjects in each group underwent 20 sessions of RAGT (2 times per week, 45 minutes per session). Group 1 performed RAGT with AAN applied to the unaffected limb and FA applied to the affected limb. Group 2 performed RAGT with AAN applied to the affected limb and FA applied to the unaffected limb. Clinical measurements were obtained and three-dimensional gait analyses were performed before training (T0), after 10 sessions (T1), and after 20 sessions (T2) of RAGT. All subjects were informed of the purpose and procedure of the study before signing an informed consent form for participation. The institutional review board of our hospital approved the procedures and protocols of this study (approval no. 2015-09-006).
Robot-assisted gait training
All subjects wore a suspension vest and harness connected to a counterweight system to provide body-weight support and walked on a treadmill with the help of robotic-driven gait orthosis (Walkbot, P&S Mechanics, Seoul, South Korea). The devices were placed on the patient, and then the patient's hip, knee, and ankle joint axes were consistently positioned with the exoskeletal orthosis to adjust joint movements at individualized gait speeds. The torque of the hip, knee, and ankle drives could be set from 100% to 0% for either or both legs. A torque of 100% in the joints signified that the robotic legs guided the subject's legs to move along a predetermined gait trajectory. The predetermined gait trajectory was based on gait patterns programmed into the robot, and these patterns were based on the kinematics exhibited by healthy subjects. The robot was least compliant at 100% of torque, and it only deviated minimally from its reference trajectory even if the patient attempted to deviate from the programmed path. However, the torque algorithms were designed so that at low torque percentages, the robot enforced movement of the subjects and applied AAN torque at all joints. When the subject underwent RAGT, the percentage of torque exerted by the robot was gradually reduced during the training sessions (from 90% assistance at the beginning of training to 60% assistance at the end of training) in order to facilitate active participation. As the subject's function improved, the treadmill speed was increased to a maximum of 2.2 km/h while bodyweight support was reduced.
Clinical measurements
Clinical measurements were obtained by a rehabilitation physician who was blinded to group assignments. Clinical measurements included the National Institutes of Health stroke scale (NIHSS), Fugl-Meyer Motor Assessment-Lower Extremity (FMLE), Functional Ambulation Category (FAC), Motricity Index of the lower extremity (MI), and the Trunk Control Test (TCT).
Gait analysis
Gait analysis was conducted with a motion analysis system that consisted of eight infrared 60-Hz cameras (Motion Analysis Corporation, Santa Rosa, CA) and 3 force plates (sampling rate 1200 Hz; Kistler Corp., Amherst, NY). Reflective markers were placed on predefined anatomical landmarks of the pelvis, thigh, knee, shank, and foot. [11] Simultaneous recordings of temporospatial lower extremity kinematics and kinetics were obtained as patients walked 6 m while barefoot at a self-selected speed. Joint kinematics and external moments were calculated by the Cortex program (Motion Analysis Corporation, Santa Rosa, CA). Ground reaction forces were normalized to the subject's body weight, while joint moments were reported as N m/kg. This study used the following variables in the gait analysis: temporospatial domain-gait speed (cm/s), cadence (steps/min), step length asymmetric ratio, stride length (cm), percentage of double support and single support time in one gait cycle, kinematic domain-hip/knee maximal extension angle in the stance phase, ankle maximal dorsiflexion angle in the stance phase, hip/knee/ankle maximal flexion angle in the swing phase, and kinetic domain-hip/knee/ankle maximal extension moment (N m/kg) and hip/knee/ankle maximal power generation (W/kg).
Statistical analysis
The baseline characteristics (age, stroke type, duration after stroke, step length asymmetry ratio, NIHSS, FMLE, FAC, MI, and TCT) of the 2 groups were compared to assess the quality of 
Results
Subject recruitment
Twenty-four subjects were enrolled in this study. Twelve subjects completed the AAN protocol, and the remaining 12 dropped out (Fig. 1) . Table 1 shows the demographic characteristics of patients who completed the RAGT protocol. There were no statistically significant differences between the groups before treatment (T0). A comparable number of subjects dropped out from each group.
Clinical measures
In group 1, the FMLE, FAC, and MI scores significantly improved at T2 compared to T0. However, only the FMLE score improved significantly at T2 compared to T0 in group 2 ( Table 2 ). There were no significant differences in the betweengroups analysis.
Temporospatial variables
The step length asymmetric ratio in group 1 significantly improved at T1 compared to T0, and the improvements were maintained at T2 (P < .05). There was no significant improvement in temporospatial variables in group 2 throughout the sessions. There were no significant differences in the betweengroups analysis (Table 3) .
Kinematic variables
There were no significant differences in the within-groups analysis. However, the maximal ankle dorsiflexion angle of the affected limb was significantly improved at T2 compared to T0 (Table 4 ). In the kinematic curve graph, the angular velocity of hip/knee flexion of the unaffected limb in the swing phase and ankle plantar flexion in the terminal stance were increased and became closer to those of the normal curve in group 1 (Fig. 2,  arrowhead) . The angular velocity of ankle plantar flexion of the affected limb in the terminal stance increased and became closer to that of the normal curve in group 2 (Fig. 2, arrow) .
Kinetic variables
In group 1, the hip maximal extension moment of the unaffected limb improved significantly at T1 compared to T0, and the improvements were maintained at T2 (P < .05). There were no significant differences in the between-groups analysis ( Table 5) . 
Discussion
This study was the first to compare the effects of AAN applied to the unaffected limb and to the affected limb in chronic stroke patients. There were significant improvements in the step length asymmetry ratio, hip maximal extension moment of the unaffected limb, and clinical measures after training. The angular velocity of hip and knee flexion of the unaffected limb in the swing phase showed an increasing trend after training. The application of a specific RAGT protocol to chronic stroke patients should be considered with a clear purpose. Previous studies have shown that robot-assisted gait training was effective in the subacute phase but not in the chronic phase of stroke. [12, 13] One reason for this difference may be the heterogeneous study FAC = functional ambulation category, FMLE = Fugl-Meyer motor assessment of the lower extremity, MI = motricity index of the lower extremity, T0 = before training, T1 = after 10 sessions, T2 = after 20 sessions, TCT = trunk control tests. P1 = these P values represent the difference in means between group 1 and group 2. * P < .05 (these P values represent the mean comparison of T1 and T2 to T0).
Table 3
Changes in temporospatial parameters. À2.0 ± 1.9 36.4 ± 3.3 4.0 ± 2.8 .18 T0 = before training, T1 = after 10 sessions, T2 = after 20 sessions. P1 = these P values represent the difference in means between group 1 and group 2. * P < 0.05 (these P values represent the mean comparison of T1 and T2 to T0. 1.1 ± 3.9 0.8 ± 1.8 9.8 ± 3.8 À0.3 ± 2.1 .818 T2 3.3 ± 2.6 2.8 ± 2.7 1.2 ± 3.1 À8.9 ± 3.9 .041 Unaffected T0 13.5 ± 1.9 . 14.1 ± 2.6 . T1
11.6 ± 2.4 À1.9 ± 2.4 15.1 ± 2.6 1.1 ± 1.1 .485 T2 10.1 ± 3.1 À3.4 ± 2.5 11.7 ± 3.2 À2.4 ± 2.6 1 T0 = before training, T1 = after 10 sessions, T2 = after 20 sessions. * P < 0.05 (these P values represent the mean comparison of T1 and T2 to T0), P1 = these P values represent the difference in means between group 1 and group 2.
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populations recruited by studies with chronic patients. However, a more important reason may be that the same RAGT protocol was applied to subacute stroke patients without considering the specific gait patterns of individuals in the chronic phase. The gait pattern after stroke changes completely during the subacute phase, but most functional recovery, including in gait patterns, takes place within 6 months after stroke onset. [14, 15] After that, the gait pattern and function in chronic stroke patients does not change easily, and repeated training is needed to focus on specific gait problems. We focused on the asymmetric step length after stroke, and the treatment protocol involved AAN application on the unaffected or affected limb.
Applying AAN to the unaffected limb led to improvements in step length asymmetry and the maximal hip extension moment of the unaffected limb. Compared to neurologically intact individuals, hemiplegic patients usually have reduced step lengths in the unaffected limb. [3, 4, 6] Therefore, the improvement of asymmetry observed in this study suggests that AAN may increase the step length of the unaffected limb even if there is reduced hip extension moment in the terminal stance phase. The body weight vector is significantly anterior to the hip joint center with the hip flexed at the initial contact, [16] and the maximal hip extension moment results from the impact of abrupt decrease in body weight. The decrease in the maximal hip extension moment of the unaffected limb may be related to the increase in the weight-supporting capacity of the affected limb, resulting in the weight shifting gradually to the unaffected limb. The FA mode of the exoskeletal robotic leg for the affected limb increases stability during the stance phase, and allowing subjects to voluntarily move their unaffected limb may accelerate hip/knee flexion angular velocity during the swing phase (Fig. 2, arrowhead) . These mechanisms may finally result in increased step length and decreased hip moment.
The angle of ankle dorsiflexion in the swing phase of the affected limb improved after AAN applied to the affected limb. The baseline angle of ankle dorsiflexion was approximately 10°in group 2, but the final angle was approximately 1° (Table 4 , Fig. 2, arrow) . During the swing phase, the normal angle of ankle dorsiflexion is close to 0°for foot clearance of the floor, but the excess angle dorsiflexion does not allow it to reach ideal kinematic movement. [6, 17] Voluntary movement with guidance from the exoskeletal robotic leg in the affected limb may induce normalization of ankle kinematic movement during the swing phase.
Further investigation is needed to determine the underlying mechanism of AAN for functional gait recovery and who may benefit from it. Rehabilitation therapy for central nervous system injuries has been emphasized in task-specific training, which allows the patient to repeatedly perform a motion that is as close as possible to the final target motion. [18] RAGT is also based on the repetitive practice of a specific functional task. [17, 18] From a motor-learning perspective, AAN may be better than FA at improving the generation of gait. In FA training, task performance was poor when constant guidance was no longer provided. [19, 20] However, AAN training may be more likely to encourage independent movement, and task performance was maintained when the robotic-leg was removed. [20] We hypothesized that AAN would promote walking-pattern habituation and strengthening of the legs through repetitive voluntary stepping. After the successful application of AAN, subjects can perform The drop-out rate was relatively high in this study. The subjects dropped out because AAN was difficult and could not be performed until the end of the 20 sessions. The mean age of the subjects in this study was relatively high (in the mid-60s), and the age of the subjects may have increased the difficulty of completing the protocol. In future studies, it may be necessary to revise the protocol, which started with 90% assistance and gradually decreased the assistance to 60%.
This pilot study had some limitations. First, our study included a small, heterogeneous sample size. Half of the study population dropped out during the application of AAN. Second, we mainly focused on changes in step length asymmetry, so our results are difficult to apply to general treatment protocols for abnormal gait patterns in chronic stroke patients. Despite these limitations, this is the first study to compare the effects of AAN applied to the unaffected/affected limb and to provide insight into the investigation of treatment criteria for RAGT. 
Author contributions
